Abstract: For the purpose of increasing the hydrophilicity of polylactide, new block copolymers with protected functional groups, poly(lactide-co-(S)-β-benzyl aspartate)-poly(ethylene oxide)-poly(lactide-co-(S)-β-benzyl aspartate), were synthesized via ring-opening polymerization of D,L-lactide and (3S, 6R,S)-3-[(benzyloxycarbonyl)methyl]-6-methylmorpholine-2,5-dione in the presence of hydroxyltelechelic poly(ethylene oxide) (PEO) as an initiator at 140 °C for 24 h. The benzyl protective groups of the block copolymers were completely removed to give poly(lactide-co-(S)-aspartic acid)-PEO-poly(lactide-co-(S)-aspartic acid), (poly(DLLA-co-Asp)-b-PEO-b-poly(DLLA-co-Asp)). This shows lower crystallization and melting temperature compared with the polymers before deprotection. Poly(DLLA-co-Asp)-b-PEO-b-poly(DLLA-co-Asp) with 55.6 wt.-% of PEO is more hydrophilic, shows higher water absorption and is degraded faster than with 39.5 wt.-% of PEO.
Introduction
Polylactide is a well known biodegradable synthetic polymer. It is widely used as a biomaterial. However, the hydrophobic nature of the polyester results in several disadvantages of the material (Blanco-Prieto et al. [1] , Rafati et al. [2] ).
Polydepsipeptides are synthesized by ring-opening polymerization of morpholine-2,5-diones with different substituents (Helder et al. [3] , Jörres [4] , John et al. [5] , Ouchi et al. [6] ). Copolymerization of morpholine-2,5-diones with lactide or ε-caprolactone provides a series of biodegradable polyester amides with a wide range of chemical and physical properties (Shakaby et al. [7] , Yonezawa et al. [8] ). To improve the hydrophilicity of polylactide, hydrophilic pendant groups may be introduced into the polymer chain. Feijen et al. reported on the copolymerization of ε-caprolactone and mopholine-2,5-diones with pendant hydrophilic groups in the presence of stannous octoate (Sn(oct) 2 ) as a catalyst (In't Veld et al. [9] [10] [11] ). However, they failed to achieve copolymers with a content of functional monomer units exceeding 20 mol-%. Ouchi et al. reported on the synthesis of (3S)-[(benzyloxycarbonyl)methyl]-morpholine-2,5-dione and its homopolymerization, but the molecular weight of the polymer obtained was very low, ranging from 1950 to 3280 (Ouchi et al. [12] ). Feng et al. reported on the homopolymerization of the same monomer to produce polymers with 5800 < n M < 13500 (Wang et al. [13] , Zhang et al. [14] ).
Biodegradable L-lactic acid-depsipeptide copolymers having pendant functional groups, i.e., poly[L-lactide-co-(glycolic acid-(S)-aspartic acid)] (poly[LLA-(Glc-Asp)]) and poly[L-lactide-co-(glycolic acid-(S)-lysine)] (poly[LLA-(Glc-Lys)]), were obtained by ring-opening polymerization of L-lactide with cyclodepsipeptides containing aspartic acid or lysine (Ouchi et al. [15] ). The polymers exert enhanced hydrolytic degradation in the presence and in the absence of enzymes, when compared with poly(L-lactide) (Ouchi et al. [15] ). Recently, Ouchi et al. reported on the preparation of biodegradable microspheres from poly[LLA-(Glc-Asp)] and poly[LLA-(Glc-Lys)] with low content of depsipeptide units using the oil-in-water/solvent evaporation method. The average diameter of the dry microspheres was estimated to be 390-450 nm by scanning electron microscopy. The amount of functionalized groups located on the surface increases with increasing content of depsipeptide units in the copolymers.
Recently, we reported on an attractive method to improve the hydrophilicity of polydepsipeptides by introducing poly(ethylene oxide) (PEO) as a hydrophilic block into the main chain of the polydepsipeptide (Feng et al. [16] [17] [18] [19] ). Block copolymers of 3(S)-isobutylmorpholine-2,5-dione and PEO were prepared to modify the properties of highly crystalline poly(3(S)-isobutylmorpholine-2,5-dione) and to improve its degradation behavior. The hydrophilicity of the block copolymers is controlled by the content of PEO. These block copolymers may find applications in cell encapsulation and in drug delivery.
In this paper, we report on the synthesis of new biodegradable block copolymers via copolymerization of D,L-lactide and (3S,6R,S)-[(benzyloxycarbonyl)methyl]-6-methylmorpholine-2,5-dione in the presence of hydroxyltelechelic PEO as an initiator.
Experimental part

Materials
Stannous octoate (95%) was obtained from Sigma Chem. Corp. (Steinheim, Germany) and hydroxytelechelic PEO with a molecular weight of 8000 (PEO8000) from Aldrich. The PEO-macroinitiator was dried i. vac. for 24 h before use. D,LLactide was obtained from Boehringer Ingelheim, Germany, and β-benzyl-(S)-aspartate from Calbiochem-Novabiochem Corp.
All other reagents were obtained from Fluka and used as received.
Synthesis of β-benzyl-N-[2(R,S)-bromopropionyl]-(S)-aspartate
To a cooled suspension (5-10 °C) of β-benzyl-(S)-aspartate (26.8 g, 0.12 mol) in 250 mL p-dioxane/water (1/1 V/V), 40 mL of a 3 M aqueous NaOH solution was added. The resulting solution was vigorously stirred and 50 mL of a p-dioxane solution containing 13.8 mL (0.13 mol) of 2(R,S)-bromopropionyl bromide was added in 5 mL portions, simultaneously with ten portions of 10 mL of a 14 M aqueous NaOH solution, while maintaining the reaction temperature at 0 °C by cooling with an ice/salt mixture. After the addition was completed the reaction mixture was stirred for another 5 min, then the mixture was acidified to pH 2 with a concentrated HCl solution. 
Synthesis of (3S,6R,S)-3-[(benzyloxycarbonyl
)methyl]-6-methylmorpholine-2,5-dione (cyclo(DLLA-Asp(OBzl)))
Synthesis of block copolymers with functional groups
Polymerization was performed in a dry tube equipped with a stirring bar. Under nitrogen atmosphere, appropriate amounts of cyclo(DLLA-Asp(OBzl)), DLLA, and PEO8000 were placed into the tube, and a freshly prepared 0.25 M solution of stannous octoate in dry toluene was added in a monomer/initiator mole ratio M/I = 125. The solvent was removed by evaporation i. vac. for 24 h. The tube was refilled with dry nitrogen and then placed in an oil bath at 140 °C. After 24 h the tube was removed from the oil bath and allowed to cool to room temperature. The product was dissolved in 20 mL of methylene chloride and precipitated in 400 mL of cooled diethyl ether. The resulting copolymer was dried i.vac. at room temperature for 24 h.
Deprotection of poly(DLLA-co-Asp(OBzl))-b-PEO-b-poly(DLLA-co-Asp(OBzl))
The copolymer poly(DLLA-co-Asp(OBzl))-b-PEO-b-poly(DLLA-co-Asp(OBzl)) (9.0 g) was dissolved in 250 mL of ethyl acetate whereafter 100 mL of methanol and 0.5 g of 10% Pd/C were added. The suspension was vigorously stirred in a hydrogen atmosphere at room temperature for 48 h. The catalyst was removed by filtration over Celite 545. The filtrate was added dropwise to a twenty-fold excess of ethanol or hexane. The precipitated polymer was collected and dried i.vac. for 24 h. IR spectroscopy was performed on a Nicolet 60SXR Model using KBr pellets.
M n and M w of polymers were determined by means of GPC using a Bischoff model 2200 pump equipped with a Waters model 410 refractive index detector, micro UVIS20 detector (Carlo Erba) and Bischoff model 728 autosampler with 10 2 , 10 3 and 10 4 Å Ultrastyragel columns in series. N,N-Dimethylacetamide (DMAc, HPLC grade, 1.220 g/L LiCl) was used as the eluent at a flow rate of 0.8 mL/min. The molecular weight was calculated on the basis of polystyrene standards without further correction.
The thermal behavior of the polymers was studied by means of differential scanning calorimetry with a Mettler DSC 40 system. Indium was used for calibration purposes. The specimens were heated in sealed aluminium pans and scanned from -70 °C to 200 °C, then cooled to -70 °C, and finally heated to 200 °C using heating and cooling rates of 10 °C/min. All experiments were done under a flow of dry N 2 . The static contact angle of the copolymers as a film on a glass plate was measured with the contact angle system G40 (Krüss GmbH) at room temperature. Measurements were carried out within 10 s after placing a water droplet on the film and were repeated at least 6 times at other positions of the same specimen.
Preparation of films
Films of the size 50 mm × 50 mm × 1.5 mm were obtained from 1.3 g of the polymer by compression moulding at 60 °C and 40 kg/cm 2 for 10 min between poly(tetrafluoroethylene) plates.
Mechanical properties
A Zwick BZ2.5/TN1S (Ulm, Germany) with a load cell of 0.03 N/mm 2 was used to study the mechanical properties of the samples. A gauge length of 6 cm and a strain rate of 10 mm/min were used in this study. The measurements were performed at room temperature using specimens of 3.0 mm width, 6.0 mm length and 1.5 mm thickness.
Degradation tests
For degradation studies film specimens with 1.5 cm 2 surface area and approximately identical weights (60-90 mg) were obtained from plates prepared by compression moulding. The specimens were incubated in 5 mL of Na 2 HPO 4 /KH 2 PO 4 buffer (pH 7.0) at 37 °C in a shaking air bath operating at a frequency of 60 rpm. At the end of each immersion period, the specimens were taken out, washed with distilled water three times, and dried at room temperature in a desiccator in vacuo over P 2 O 5 for 14 days.
As a measure of hydrophilicity, the water absorption was determined using the equation:
where W d and W s are the weights of the dried sample and of the swollen sample at a given time.
The weight loss of each film was determined by comparing the dry weight of the degraded polymer with the initial weight:
where W 0 is the initial weight.
Results and discussion
Monomer synthesis
Previously we reported a process of preparing optically active morpholine-2,5-diones starting from optically active α-amino acids and optically active α-hydroxy esters (Jörres [4] , Feng et al. [16] [17] [18] [19] [20] ). The process involves two steps: in the first step the sodium salt of an α-amino acid is condensed with an α-hydroxyester to yield an optically active N-(α-hydroxyacyl)-α-amino acid. In the second step the hydroxyacid obtained is subjected to cyclization with an acidic catalyst. (Feng [21] ). Therefore, initially the synthesis of cyclo(DLLA-Asp(OBzl)) was investigated by this method. β-Benzyl (S)-aspartate was reacted with ethyl lactate to produce β-benzyl N- [ 
2(R,S)-hydroxypropionyl]-(S)-aspartate with a yield of 73.4%. Although cyclo(DLLA-Asp(OBzl)) was formed via cyclization of β-benzyl N-[2(R,S)-hydroxypropionyl]-(S)-aspartate
with an acidic catalyst in the second step as shown by TLC analysis of the reaction mixture, attempts to obtain purified cyclo(DLLA-Asp(OBzl)) by crystallization or column chromatography failed. Most probably transesterification reactions at the protective benzyl ester groups of β-benzyl N- [ 
2(R,S)-hydroxypropionyl]-(S)-aspartate
occur during the cyclization procedure. Therefore, cyclo(DLLA-Asp(OBzl)) was synthesized according to Scheme 1 with TEA in a large amount of DMF within 3 h at 100 °C.
Purified cyclo(DLLA-Asp(OBzl)) was obtained by crystallization of the reaction mixture from toluene without column chromatography. The yield of the protected morpholine-2,5-diones was low. It is suggested that the intramolecular cyclization occurs in competition with the intermolecular reaction even at high dilution.
Scheme 1. Reaction scheme of the preparation of cyclo(DLLA-Asp(OBzl))
Polymer synthesis
The copolymers with protective functional groups, poly(DLLA-co-Asp(OBzl)) and poly(DLLA-co-Asp(OBzl))-b-PEO-b-poly(DLLA-co-Asp(OBzl)), were synthesized via Sn(oct) 2 catalyzed ring-opening polymerization of DLLA and cyclo(DLLA-Asp(OBzl)) in the absence or presence of PEO8000 as an initiator at 140 °C for 24 h. The results are summarized in Tab. 1. Table 1 shows that the yield and molecular weight of the copolymers decrease with increasing mole fraction of cyclo(DLLA-Asp(OBzl)) in the feed, F M . The mole fraction of depsipeptide units in the copolymers is lower than that in the feed of the copolymerization. Apparently, this is due to the low reactivity of cyclo(DLLA-Asp(OBzl)). An increase in steric hindrance and stability of the ring structure with an increase in the number and size of ring substituents might decrease the reactivity. Moreover, the introduction of an additional functional group in the morpholine-2,5-dione might result in an additional reduction of the reactivity caused by an interaction between catalyst and pendant functional group (In't Veld [10] ). 
Deprotection of copolymers
The protective benzyl groups of poly(DLLA-co-Asp(OBzl)) and poly(DLLA-coAsp(OBzl))-b-PEO-b-poly(DLLA-co-Asp(OBzl)) block copolymers were removed by catalytic hydrogenation using palladium on carbon as a catalyst.
1 H NMR analysis of the resulting copolymers demonstrated the complete removal of the protecting groups by the absence of the proton signals of the benzyl group at 7.4 ppm (Figs. 1  and 2 ). The f M (mole fraction of cyclo(DLLA-Asp(OBzl)) in copolymer) values and the molecular weight of the deprotected copolymers are somewhat lower compared to the values of the corresponding protected copolymers (Tab. 2). The catalytic hydrogenation is a selective and facile method to remove the pendant benzyl protecting groups.
The IR spectrum of poly(DLLA-co-Asp)-b-PEO-b-poly(DLLA-co-Asp) (39.5% of PEO) is shown in Fig. 3 . The absorption band at 1758 cm -1 is due to the C=O stretching mode of the ester group, and the band at 1696 cm -1 to the bending vibration of the N-H bond and the stretching mode of the C-N bond of the CONH group. The amide II band appears at 1523 cm -1 . The characteristic absorption band of PEO in the block copolymer appears at 1106 cm -1 . The IR spectrum of poly(DLLA-co-Asp)-b-PEO-bpoly(DLLA-co-Asp) with 55.6% of PEO is similar to that with 39.5% of PEO, except that the characteristic absorption band of PEO is more pronounced. The bands at 963 and 843 cm -1 are known to be characteristic of the crystalline phase of PEO (Bailey et al. [22] ). 
Thermal analysis of block copolymers
The DSC curves of the triblock copolymers before deprotection obtained upon first and second heating are presented in Fig. 4 . The curves upon first heating show two endotherms that correspond to the melting of the PEO block. Upon cooling from 200 to -70 °C, poly(DLLA-co-Asp(OBzl))-b-PEO-b-poly(DLLA-co-Asp(OBzl)) with 53.7% of PEO recrystallizes with one exotherm ∆H = 66.1 J/g at 11.9 °C (not shown), while no transition was observed upon cooling for the copolymer with 38.0% of PEO. One endothermic peak was observed upon second heating for poly(DLLA-co-Asp(OBzl))-b-PEO-b-poly(DLLA-co-Asp(OBzl)) with 53.7% of PEO. Fig. 5 shows the DSC curves of the triblock copolymers after deprotection upon first and second heating. The results are similar to those before deprotection, however, the deprotected block copolymers exert lower crystallization and melting temperature. After deprotection, the formed acid groups interact with each other or with oxygen atoms of the PEO block via hydrogen bonds. The poly(DLLA-co-Asp) blocks due to strong interaction hinder the crystallization of the PEO blocks. Crystallinity and melting temperature of the PEO block are considerably lower than those of pure PEO (Tab. 3). Degradation behavior
Mechanical properties
The hydrophilicity of the block copolymers was determined by measuring the static contact angle θ which decreases from 45° to 38° with increasing PEO content in the block copolymer from 39.5% to 55.6%. The surface of a film of the block copolymers with higher PEO content is wetted very quickly by water, and water is absorbed. In this case, it is difficult to measure the static contact angle. Figure 6 shows that water absorption increases gradually with increasing time. With increasing weight fraction of PEO, the hydrophilicity increases as well as the water absorption. After 336 h, the water absorption of poly(DLLA-co-Asp)-b-PEO-bpoly(DLLA-co-Asp) with 55.6% of PEO is 2750% while that of copolymer with 39.5% of PEO is 797%.
The weight of the samples decreases very quickly within 24 h as presented in Fig. 7 . The rates slow down after 168 h. Poly(DLLA-co-Asp)-b-PEO-b-poly(DLLA-co-Asp) (55.6% of PEO) becomes soluble in the buffer solution after 336 h, whereas copolymer with 39.5% of PEO becomes soluble only after 672 h. This is ascribed to a higher solubility of fragments rich in PEO. Block copolymers based on depsipeptides, DLLA and PEO degrade via hydrolysis of ester groups (Jörres [4] ). The hydrolysis is autocatalyzed by carboxylic acid groups. Once the average molecular weight of the sample has decreased to a certain level or the weight fraction of PEO is higher than a certain value in the degraded block copolymers, chains become soluble in buffer solution.
The molecular weight of the block copolymers after degradation in buffer at 37 °C was determined by means of GPC (Fig. 8) . The molecular weight decreases quickly with increasing degradation time. The polymer might be useful as drug delivery material. 
